Abstract. Planar lipid bilayers on sensor chip surfaces have become useful tools to study membrane bound processes by surface plasmon resonance spectroscopy. We immobilized phospholipids on sensor chips by different approaches. First, a selfassembled monolayer of octadecylmercaptan was formed on a blank gold surface and subsequent addition of phospholipids led to formation of a heterobilayer. Second, a self-assembled monolayer of mercaptoundecanoic acid was formed on a gold surface, the carboxy groups of mercaptoundecanoic acid were activated and covalently linked to phosphatidylethanolamine. Addition of phospholipids then led to a bilayer with phosphatidylethanolamine as the lower leaflet. Third, a hydrophobic sensor chip (L1, BIAcore) was used as a binding matrix for phospholipids. These lipid surfaces were tested, whether they are suitable to study protein-membrane interactions. As biological test system we used the Ca 2+ -myristoyl-switch of the neuronal Ca 2+ -binding protein recoverin. All three surfaces were sufficiently stable to monitor the Ca 2+ -dependent binding of recoverin to membranes.
Introduction
Evanescent wave biosensors have attained wide interest in the last years. They employ surface plasmon resonance (SPR) spectroscopy to study the interaction of biological macromolecules, in particular the association and dissociation of proteins and peptides [11, 20, 21] . The investigation of protein-protein interactions, that involve integral membrane proteins or membrane associated proteins is of special importance for fields like signal transduction and nerve signalling. Since biosensor technology requires the immobilization of one binding partner on the chip surface, the immobilization of membrane proteins is a challenging problem. Since membrane proteins need a hydrophobic environment, this approach then requires the immobilization of phospholipids and the incorporation of the membrane protein into the bilayer. In addition, the immobilized lipid bilayer must be of sufficient stability and must withstand regenerations pulses to disrupt a preformed protein-protein complex. The bilayer must further maintain its structure, as any significant loss of lipids during the recording of a sensorgram would cause a drift in the baseline and therefore will complicate the kinetic analysis. Loss of lipids can also lead to gaps in the bilayer structure.
Several approaches have been used so far to tether lipids on solid supports (sensor chip surfaces) including direct deposition on the surface [19] , fusion on a hydrophobic self assembled monolayer (SAM) of alkanethiols [5, 18] , binding of biotin-labelled liposomes to streptavidin-coated sensor chips [4, 16, 17] and binding to patterned SAM [3, 9] . We tested three different methods for assembling of lipids on solid supports. Bilayers were used to study the Ca 2+ -dependent membrane association of recoverin [6, 15] , a myristoylated Ca 2+ -binding protein, that undergoes a Ca 2+ -induced structural change with the exposition of its covalently attached myristoyl group [2, 7, 23] . Since this process represents a reversible binding event to membranes and since it is controlled by a change in free Ca 2+ -concentration, it is ideally suited to test the applicability of different lipid layers on solid supports.
Experimental procedures

Preparation of lipid vesicles from rod outer segment membranes
Bovine rod outer segments (ROS) and washed ROS membranes were prepared as previously described [14] . ROS membranes were solubilized in 2% (w/v) octylglucoside, 20 mM HEPES/KOH pH 7.4, 100 mM KCl, 1 mM DTT and 0.1 mM PMSF and centrifuged for 30 min at 45,000 rpm (TLA-45 rotor, Beckman). The supernatant was dilaysed against SPR running buffer (10 mM HEPES/KOH pH 7.4, 150 mM NaCl, 20 mM MgCl 2 , 2 mM CaCl 2 ).
Preparation of liposomes
Lipids were dissolved in chloroform (10 mg/ml) and dried down by vacuum in a speed vac concentrator at room temperature. The lipid pellet was resuspended in 10 mM HEPES/KOH pH 7.4, 150 mM NaCl and sonified for 20 s (Branson B12; 100 W). Large unilammelar vesicles (liposomes) were produced using the extrusion technique. The suspension was soaked for 15-20 min and extruded through polycarbonate filter with a pore diameter of 1 µm (first step) and 0.4 µm (second step).
Liposomes corresponding to the lipid composition in bovine ROS membranes were prepared as described [16] with slight modification. A mixture of 4 mg lipids (40%w/w PE, 40% w/w PC, 15% w/w PS; 5% w/w cholesterol in CHCl 3 was dried down by vacuum in a speed vac concentrator. The sample was resuspended in 2 ml of degassed buffer (20 mM Hepes pH 7.5, 150 mM KCl, 3 mM EGTA) and sonified for 2 × 15 min (Branson B12; cup; 100 W). Prior to use large unilammelar vesicles were produced as described above.
Generation of SAM-chip surfaces
We recycled used CM5 sensor chips (BIAcore) for the generation of self assembled monolayers (SAM) surfaces [18] . The dextran layer on commercially available CM5 chips is attached to the glass/gold support via gold-thiol interaction. For our purpose, this gold-thiol bond was oxidized by strong UVlight for 1-2 hours. Alternatively, the dextran layer was removed by mild treatment with dextranase (56 units/mg) in 10 mM Mes pH 6.15, 150 mM NaCl, 10 mM MgCl 2 . Chips were incubated in a total volume of 100 µl at 37 • C overnight. Afterwards, chips were washed with H 2 O bidest .
Alkanethiols as octadecylmercaptan or mercaptoundecanoic acid were dissolved in ethanol in a concentration of 10 mM and flushed over a gold surface of a regenerated CM5 sensor chip to form spontaneously a self-assembled monolayer. Details of the procedure were described elsewhere [10] .
Surface plasmon resonance measurements
Formation of SAM, immobilization of lipids and binding of recoverin to liposomes and ROS membranes was monitored by SPR spectroscopy. Details of the instrumental setup and examples of different SPR applications can be found elsewhere [10, 11, 13, 16, 20, 21] .
Immobilization of lipids
Liposomes were immobilized on a sensor chip by three different strategies. First a hydrophobic SAM consisting of octadecylmercaptan was formed on the blank gold surface and lipids or lipid mixtures were flushed over the surface in SPR running buffer. Second, a SAM of mercaptoundecanoic acid was formed on the gold surface. The carboxy groups were activated by 50 mM N-hydroxysuccinimid (NHS) and 200 mM N-ethyl-N -[(dimethylamino)propyl]carbodiimide (EDC) for 7 minutes at a flow rate of 5 µl/min (injection volume 35 µl). Phosphatidylethanolamine (PE) was dissolved in 50 mM Na-formiate buffer pH 4.0 (0.5 mg/ml) and applied into the flow cell. The free amino groups of PE reacted with the activated carboxy groups. Afterwards, a solution of 1 M ethanolamine pH 8.5 was injected for 8 minutes to deactivate excessive reactive groups. Lipids were applied to form a bilayer. Third, lipid solutions were flushed over a hydrophobic sensor chip (pioneer L1, BIAcore), where they formed spontaneously a bilayer. Lipid layers settled, when running buffer without lipids was flowing through the flow cell. Final adjustment of the heterobilayer was achieved by short pulses of 50 mM NaOH and 10 mM glycine/HCl pH 2.5. Nonspecific binding was tested by application of calmodulin or protein G. Interaction of recoverin with immobilized liposomes or ROS vesicles was tested by applying 5-30 µM protein in running buffer at saturating [Ca 2+ ] and 20 mM MgCl 2 at pH 7.1. The flow rate was 5 µl/min. Resonance signals at equilbrium were determined as described. Data evaluation was performed with the software BIAevaluation 3.1.
Purification of recoverin
Native recoverin was purified from frozen bovine retinae as described [16] . Myristoylated wildtype recoverin was coexpressed in E. coli with yeast N-myristoyl-transferase and purified as described [1] .
Results and discussion
Formation of different lipid surfaces
SPR spectroscopy was applied to study the Ca 2+ -dependent association of the neuronal Ca 2+ -binding protein recoverin to immobilized phospholipid membranes. We investigated the formation and stability of different lipid layers on sensor surfaces. Three different strategies were tested to immobilize lipids on sensor chip surfaces, they are explained schematically in Figs 1-3 . First, a commercially CM5 sensor chip (BIAcore) that had been used in previous experiments was regenerated as described [10, 18] . This process led to a blank gold surface. A solution of octadecylmercaptan (ODM) that was layered on the gold surface formed a self-assembled monolayer of ODM (Fig. 1 ). Phospholipids were added to form a heterobilayer by association of the fatty acyl chains to the hydrophobic alkane chains of the ODM layer. In this heterobilayer, the polar head groups extend into the buffer flow reservoir (flow cell of the BIAcore system).
Second, this approach also starts with the regeneration of used CM5 sensor chips, but the self assembled monolayer on the surface is formed by mercaptoundecanoic acid (MUA) (Fig. 2(a) ). The introduction of carboxy groups allows to modify this monolayer by chemical procedures. We coupled phosphatidylethanolamine (PE) directly to the MUA layer by amide formation (Fig. 2(a) ). By this step we immobilized a phospholipid layer with an extension of its hydrophobic acyl chains into the flow cell (PE-MUA surface). Application of a lipid mixture then forms a bilayer by selfassembling (PE-MUA bilayer). A typical sensorgram that shows the different steps during the coating of the surface is shown in Fig. 2(b) . The carboxy groups on the MUA layer were activated by EDC/NHS (hatched bar), phosphatidylethanolamine was supplied and reacted with the activated surface (black bar). Activated carboxy groups that had not reacted were deactivated by ethanolamine (gray bar). Lipid vesicles were injected into the flow cell and flushed over the PE-MUA surface to form the bilayer (not shown).
Third, we used a commercially available sensor chip (L1, BIAcore) that consists of a carboxy-dextran matrix coated with small hydrophobic anchor molecules [12] . This surface allows the formation of planar phospholipid bilayers within the hydrophobic anchors (Fig. 3(a) ). The sensorgram in Fig. 3(b) and (c) show the application of a lipid mix into the flow cell (black bars) and the adjustment of the bilayer on the surface after a pulse of 50 mM NaOH (hatched bars). Divalent cations as Mg 2+ and Ca 2+ caused a slower assembling of phospholipids on the chip surface (Fig. 3(b) ). The presence of the chelator EGTA (no addition of Mg 2+ and Ca 2+ ) led to an accelerated immobilization of phospholipids, i.e., saturation of the surface was achieved in shorter time (Fig. 3(c) ). The stability of the bilayer was similar in both cases.
Stability of lipid layers
The geometry of the ODM-heterobilayer ( Fig. 1(a) ) is best suited to test, whether the stability of the lipid layer depends on the lipid composition. The selfassembled alkane layer forms a simple and homogeneous platform, on which the composition of the lipid layer can be varied. The stability was tested by measuring the change in resonance units at specific time intervals and is seen for several phospholipids and phospholipid mixtures in Fig. 4 . The most stable heterobilayer was observed with phosphatidylserine (PS) and dipalmitoyl-phosphaditylethanolamine (PE-Dip). Phosphaditylcholine (PC) and dimyristoyl-phosphatidylcholine (PC-Dim) were of intermediate stability. The least stable layers were formed by the lipid mixture P-mix, which corresponds to the lipid composition of retinal rod outer segments [22] and ROS, which were native rod outer segment membranes. Instability of ROS membranes was mainly due to the presence of unsaturated fatty acids in these membranes [22] , that cause a high fluidity and a less ordered leaflet structure. However, all surfaces lost not more than 1% of the total amount of immobilized lipids within one hour. Thus, they are suitable for recording a sensorgram in a time frame of 20-30 minutes.
Ca 2+ -myristoyl switch of recoverin as biological test system for immobilized lipids
As biological test system we used the Ca 2+ -dependent association of the neuronal Ca 2+ -binding protein recoverin to immobilized lipid layers. Recoverin is a Ca 2+ -sensor in photoreceptor cells of the vertebrate retina and heterogenously acylated at its N-terminus [7] . The main acyl group is a myristoyl-group that is buried inside a hydrophobic pocket of recoverin when the free [Ca 2+ ] is low (below 100 nM). Increase of [Ca 2+ ] triggers the exposition of the myristoyl group into the bulk medium and in consequence the protein is anchored to membranes [2, 7, 23] . This Ca 2+ -myristoyl-switch is thought to be a critical trigger mechanism during illumination of a photoreceptor cell. Dynamics of this Ca 2+ -myristoyl switch have been studied before using SPR spectroscopy [16] .
We applied this test system to compare different bilayers (Figs 1-3 ). Recoverin (5-10 µM) was supplied in a SPR running buffer that contained saturating Ca 2+ (2 mM). Injection of recoverin into the flow cell (black bar in Fig. 5 ) caused an increase in RU, which indicates association of recoverin with immobilized lipids. Dissociation from the surface is achieved by flushing the cell with running buffer (no recoverin, open bar in Fig. 5 ). Finally, a short pulse of the Ca 2+ -chelator EGTA was applied (hatched bar in Fig. 5 ) to trigger complete dissociation of recoverin from the bilayer. Seonsorgrams were recorded on an ODM-heterobilayer (trace 1) and on the PE-MUA bilayer (trace 2). Although both sensorgrams were similar, they displayed some characteristic differences. For example, association of recoverin to the PE-MUA bilayer reached almost a plateau during the time course of the association phase (trace 2), but in the case of the ODM-heterobilayer, the signal still increased after the end of recoverin injection (trace 1). This indicated, that the association process might have been limited by mass transfer in the case of the ODM-heterobilayer. The dissociation phases of both sensorgrams also differed, trace 2 reached a plateau and application of EGTA did not cause a complete dissociation of recoverin from the PE-MUA bilayer. In contrast, sensorgram 1 did not form a plateau during the dissociation phase and the baseline was reached after regeneration with EGTA. It seems, that recoverin is trapped on the PE-MUA bilayer, because it did not dissociate completely. We suggest, that the PE-MUA bilayer is less homogeneous. The covalent binding of PE to the EDC/NHS activated carboxy surface probably did not occur with equal spacing, thus resulting in a less ordered PE leaflet and in consequence a less ordered bilayer with gaps. Recoverin might have been trapped in these gaps. A rather stable phospholipid bilayer was formed on a L1 chip. When we tested the binding of recoverin to immobilized phospholipids, the signal reached an apparent equilibrium during application of 30 µM recoverin (black bar in Fig. 6 ). The dissociation phase did not form a plateau above the baseline and recoverin was completely removed from the surface by regeneration with EGTA. It appeared that no rebinding to the surface during dissociation occurred (formation of a plateau) and that recoverin is not trapped in possible gaps of the lipid layer (s. above).
Conclusion
Our results showed that all tested immobilized lipid layers are of sufficient stability to allow recording of protein-membrane interactions by SPR spectroscopy. However, kinetics of binding and dissociation of recoverin were not equal and depended on the surface modification used to immobilize the lipids.
